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Necrotizing hepatopancreatitis (NHP) is a severe disease of farm-raised Penaeus vannamei that has been
associated with mortality losses ranging from 20 to 95%. NHP was first recognized in Texas in 1985 (S. K.
Johnson, p. 16, in Handbook of Shrimp Diseases, 1989) and is an economically important disease that has limited
the ability to culture shrimp in Texas. The putative cause of NHP is a gram-negative, pleomorphic, intracel-
lular, rickettsia-like bacterium that remains uncultured in part because of the absence of established shrimp
cell lines. The inability to culture the NHP bacterium necessitated the use of molecular methods for phyloge-
netic placement of the NHP bacterium. The gene encoding the 16S rRNA (16S rDNA) of this shrimp pathogen
was amplified by PCR, cloned, and sequenced. Sequence analysis of the cloned 16S rDNA indicates that the
NHP bacterium is a member of the a subclass of the Proteobacteria. Within the alpha subclass, the NHP
bacterium is shown to be most closely related to bacterial endosymbionts of protozoa, Caedibacter caryophila
and Holospora obtusa. Also, the NHP bacterium is distinct from but related to members of the typhus group
(Rickettsia typhi and R. prowazekii) and spotted fever group (R. rickettsii) of the family Rickettsiaceae. Fluores-
cently labeled oligonucleotide DNA probes that bind to variable regions (V2, V6, and V8) of 16S rRNA of the
NHP bacterium were used to detect the bacterium in infected shrimp by in situ hybridization. This technique
provided direct visual evidence that the 16S rDNA that was amplified, cloned, and sequenced was derived from
the intracellular bacterium that infects the hepatopancreas of farm-raised P. vannamei shrimp.
A novel intracellular bacterium is associated with a severe
disease of farm-raised Pacific white shrimp, Penaeus vannamei.
This disease is most commonly referred to as necrotizing hepa-
topancreatitis (NHP); however, synonyms for NHP include the
Texas pond mortality syndrome and granulomatous hepato-
pancreatitis (14, 24). NHP is an economically important dis-
ease that has severely limited shrimp production in Texas and
has recently been diagnosed in Central and South America.
The putative cause of NHP is a gram-negative, pleomorphic,
intracellular, rickettsia-like bacterium that resides and multi-
plies in tubular epithelial cells of the hepatopancreas of in-
fected shrimp.
Morphologic studies of NHP describe two or three distinct
bacterial forms within the cytoplasm of infected hepatopancre-
atic tubular epithelial cells (14, 21, 24). Although multiple
morphologically distinct organisms have been associated with
NHP, these organisms are thought to represent different mor-
phologic forms of a single, complex bacterium (24). The most
prevalent form of the NHP bacterium is a small, pleomorphic,
gram-negative coccobacillus that morphologically resembles
members of the order Rickettsiales. This form of the bacterium
is round (averaging 0.32 mm in diameter) to rod shaped and
exhibits a trilaminar cytoplasmic membrane with an undulat-
ing, outer envelope. The rod-shaped form of the bacterium is
0.59 to 1.18 mm long and 0.36 mm wide. Occasionally, rod-
shaped bacterial forms exhibit a transverse, centralized annular
constriction, indicating that this form replicates by binary fis-
sion (14). The other distinct morphologic form of the bacte-
rium is a long helical rod that exhibits a tapered profile with
prominent helical ridges at the apical pole and numerous lu-
cent vacuoles in the blunted, basilar aspect of the organism.
This less common, helical form of the NHP bacterium contains
eight, long periplasmic flagella arising from the basilar aspect
of the organism that have not been identified in the replicative
form (24). The helical form of the NHP bacterium averages
0.24 mm in width and can exceed 3.25 mm in length (14, 21, 24).
An indistinct, intermediate form that exhibits morphologic
characteristics common to both the replicative and helical
forms is occasionally identified in infected hepatopancreatic
epithelial cells. This intermediate form is an elongated rod-
shaped organism that exhibits a curved to undulating profile
and contains varying numbers of lucent protoplasmic vacuoles
that are clustered at one end of the organism. Progressive
morphologic changes in the intermediate form suggest a mat-
uration sequence from the replicative form toward the helical
form. During this metamorphosis, the intermediate form ac-
quires a tapered profile with a distinct, blunted basilar aspect
and a pointed apical aspect (24).
Attempts to culture the NHP bacterium have been unsuc-
cessful, in part because of the absence of established shrimp
cell culture systems (13). However, the rod-shaped form of the
NHP bacterium has been purified by Percoll density gradient
ultracentrifugation and NHP has been reproduced by injection
of this enriched bacterial isolate into the hepatopancreas of
normal P. vannamei shrimp. This experimental reproduction of
NHP served to demonstrate that the intracellular bacterium is
the causative agent of NHP and indicates that the rod-shaped
form of the bacterium plays a dominant role in the pathogen-
esis of the disease (14).
This rickettsia-like NHP bacterium still remains uncultured,
and its taxonomic classification is uncertain. The systematic
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evaluation of nucleic acid sequences has enabled the construc-
tion of phylogenetic schemes for diverse prokaryotic and eu-
karyotic organisms (10, 12). The 16S rRNA sequence and the
gene that encodes the 16S rRNA (16S rDNA) are used for
phylogenetic classification of bacteria (7, 8, 26, 27, 42) and are
especially useful in the taxonomic classification of uncultured
or fastidious bacteria (20, 30, 38, 41). The utility of the ribo-
somal subunit for the phylogenetic classification is based on its
universal distribution, consistency of function, conserved pri-
mary sequence with low rate of change, and ease of isolation
(12). In this study, the 16S rDNA of a Percoll-purified isolate
of the NHP bacterium was amplified by PCR, cloned into a
pSP65 vector, and sequenced to enable phylogenetic classifi-
cation of the NHP bacterium.
In situ hybridization with fluorescent oligonucleotide probes
has been used to provide phylogenetic classification of bacteria
and can be used to distinguish bacterial species within related
genomic groups (2–4, 6, 35). In the present study, the NHP
bacterium was confirmed to be the source of the amplified,
cloned, and sequenced 16S rDNA by in situ hybridization. The
16S rDNA sequence obtained during phylogenetic classifica-
tion of the NHP bacterium was analyzed and specific oligonu-
cleotide probes designed to hybridize to variable regions (V2,
V6, and V8) of the 16S rRNA of the NHP bacterium were
identified and tested. In situ hybridization showed that fluoro-
chrome-labeled oligonucleotide probes localized to the cyto-
plasm of hepatopancreatic tubular epithelial cells of NHP-
infected P. vannamei shrimp, thereby authenticating the NHP
bacterium as the source of the 16S rDNA sequence.
MATERIALS AND METHODS
Bacterial isolate and extraction of bacterial DNA. The rod-shaped form of the
NHP bacterium was isolated from shrimp hepatopancreata obtained during a
spontaneous outbreak of NHP in cultured P. vannamei in Texas. The NHP
bacteria were purified from the shrimp tissue by a modified Percoll (Pharmacia
LKB, Pleasant Hill, Calif.) density gradient centrifugation as described previ-
ously (13, 37). Briefly, 8 to 10 chilled hepatopancreata were macerated and
centrifuged at 200 3 g for 8 min in Tris-sucrose buffer (pH 7.4), containing 0.033
M Tris-hydrochloride and 0.25 M sucrose, to remove tissue debris. The super-
natant was removed, layered on Percoll at a final concentration of 40%, and
centrifuged at 25,000 3 g for 60 min in an ultracentrifuge. A band of bacteria,
formed at the interface of the Percoll, was harvested and frozen in aliquots at
2708C. Smears of the harvested band were stained with Gram stain, and a pellet
derived from the harvested band was examined by electron microscopy to con-
firm the presence of the NHP bacterium (13). DNA was then extracted from two
separate Percoll-purified isolates of the NHP bacterium. Briefly, 25 mg of the
Percoll-purified bacterial isolate was suspended in 250 ml of digestion buffer (50
mM Tris, 20 mM EDTA, 0.5% sodium dodecyl sulfate [pH 8.5]) in 0.5-ml
Eppendorf tubes. Proteinase K (7.5 ml of a 20-mg/ml stock solution) was added
to each tube, and the solution was incubated at 608C for 2 h with periodic
vortexing of reactants; this was followed by heat inactivation of proteinase K at
958C for 10 min. The tubes were then microcentrifuged for 3 min at 13,000 rpm,
and 75 ml of the supernatant was applied to a CHROMA SPIN TE-100 (Clon-
tech Laboratories, Palo Alto, Calif.) column and centrifuged in a horizontal rotor
as specified by the manufacturer. The eluent collected by centrifugation was
diluted 1:100 and 1:1,000 in distilled water (Gibco-BRL, Grand Island, N.Y.)
prior to use in the PCR amplification of 16S rDNA.
PCR. The 16S rDNA of the NHP bacterium was amplified by PCR with slight
modifications of primers described by Weisburg et al. (38). The primers are
designed to target the 16S rDNA with near-full-length replication of the 16S
rDNA (approximately 1,500 bases). The 59 and 39 PCR primers incorporate a
HindIII restriction site and an EcoRI restriction site, respectively, to facilitate
insertion into a plasmid cloning vector. The sequence of the forward primer is
59GCAAGCTTAGAGTTTGATCCTGGCTCA (Escherichia coli positions 8 to
26), and the sequence of the reverse primer is 59GCGAATTCACGGCTACC
TTG TTACGACTT (E. coli positions 1492 to 1512). The HindIII restriction site
in the forward primer and the EcoRI restriction site in the reverse primer are
underlined. PCR was performed with 50-ml reaction mixtures containing 10 mM
Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl, 200 mM deoxynucleotides, 0.5
mM (each) forward and paired reverse primers, 1.25 U of AmpliTaq DNA
polymerase (Perkin-Elmer Cetus Instruments, Norwalk, Conn.), and 0.03 to 0.3
mg of template DNA (2.5 ml of the column-purified DNA previously diluted
1:100 or 1:1,000 in distilled water). The final solution was then overlaid with
mineral oil. The amplification profile consisted of 30 cycles of 45 s at 928C, 45 s
at 528C, and 2 m at 728C with an additional 8 min at 728C following the final
cycle. A 10-ml aliquot of each PCR product was examined by electrophoresis in
1% agarose in Tris-acetate-EDTA (TAE) buffer containing 1 mg of ethidium
bromide per ml.
Cloning and sequencing of PCR products. The PCR products were purified by
electrophoresis (50 V for 5 to 6 hours) in a 1.5% agarose gel to removed
unincorporated primers and incomplete PCR extension products. Following
electrophoresis, the bands containing PCR products were excised from the aga-
rose gel and the DNA was extracted from the gel matrix with the Qiaex DNA gel
extraction kit, as recommended by the manufacturer (Qiagen, Studio City, Cal-
if.). The PCR products were then were incubated with HindIII and EcoRI
(Boehringer Mannheim) as recommended by the manufacturer and ligated to a
similarly prepared pSP65 vector (Promega, Madison, Wis.) in preparation for
cloning in Epicuran coli SCS1 competent cells (Stratagene, La Jolla, Calif.).
Following transformation and selection of clones, plasmids were extracted from
the transformed cells with P20 columns (Qiagen, Chatsworth, Calif.) as recom-
mended by the manufacturer and resuspended in 100 ml of TE buffer. The
plasmids were screened for the PCR insert by HindIII and EcoRI digestion of a
2-ml fraction of each plasmid solution followed by agarose gel electrophoresis of
the product. Ten cloned plasmids that contained an appropriate-size insert were
monitored by chain termination DNA sequencing with the DNA Sequenase kit
(United States Biochemical, Cleveland, Ohio) as recommended by the manu-
facturer. Initially, the first 200 bases of each DNA strand from the inserts of 10
clones was sequenced, and no mismatches were identified. Seven clones were
derived from one sample of bacteria, and three clones were derived from the
other bacterial sample. Since the first 200 bases of either strand of the 16S rDNA
includes recognized variable regions, the clones were considered equivalent.
Subsequently, six clones were chosen and sequenced completely. The sequencing
primers and their approximate location in the 16S rDNA (E. coli numbers) are
listed in Table 1.
16S rRNA data analysis. The sequenced 16S rDNA was compared with all
sequence data maintained in GenBank and EMBL databases by using the
BLAST algorithm to ensure that the origin of the sequence was 16S rDNA and
that the sequence was unique (1). For phylogenetic analysis, a program set for
data entry, editing, sequence alignment, secondary-structure comparison, simi-
larity matrix generation, and dendrogram construction for 16S rRNA data was
written in Microsoft QuickBASIC for use on IBM PC and compatible computers
(28). The sequence database contains approximately 500 sequences determined
in the laboratory of F. E. Dewhirst and another 200 obtained from GenBank or
the Ribosomal Database Project (7, 8, 28). Similarity matrices were constructed
from the aligned sequences by using only positions for which 90% of the strains
had data. The similarity matrices were corrected for multiple base changes by the
method of Jukes and Cantor (18). Phylogenetic trees were constructed by the
neighbor-joining method of Saitou and Nei (31). Bootstrapping of neighbor-
TABLE 1. Sequencing primers and approximate locations in the
16S rRNA sequence of E. coli
Primer
name
Primer
sequence
Location
(E. coli)
Primer 1187 59-TCACACAGGAAACAGCTATG-39 —a
fs-1 59-GACGATAATGACGGTAGCAG-39 474–499
fs-2 59-GGAGCAAACAGGTTAGA-39 775–792
fs-3 59-GGGACAGAAGGCTCAG-39 998–1014
fs-4 59-CTTATGGGCTGGGCTACACA-39 1011–1029
Primer A 59-ATTTAGGTGACACTATA-39 —a
rs-1 59-TGTGTAGCCCAGCCCATAAG-39 1211–1228
rs-2 59-CATCGTTTACGGCGTGGA-39 807–820
rs-3 59-GGGCTTTCACACCTTGCTTA-39 613–595
rs-4 59-CTACCGTCATTATCGTCACA-39 445–459
rs-5 59-AGGTAGATTCCCGTGTATTA-39 119–138
a Sequencing primer in cloning vector.
TABLE 2. Sequence of the fluorescence-labeled probesa
Probe
name Probe sequence
Location
(E. coli)
prV2 59-AGGTAGATTCCCGTGTATTA-39 151–171
prV6 59-TCTGATGCCTCCTGTCCCTAT-39 997–1018
prV8 59-TCACCCCCTTGCTTCTCATTGT-39 1249–1271
NS 59-ATTCCTTACTGCTGCCTCCCGTAGGAGTTT-39 338–367
a The approximate location of each probe (in E. coli numbers) is given.
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Species
%
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sim
ilarity
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a
Afipia felis
Beijerinckia indica
Brucella abortus
Bartonella quintana
Agrobacterium tumefaciens
Rhodobacter capsulatus
Rhodobacter sphaeroides
Hyphomonas jannaschiana
Erythrobacter longus
Sphingomonas capsulata
Sphingomonas paucimobilis
Azospirillum lipoferum
Magnetospirillum magnetotacticum
Rhodospirillum rubrum
Anaplasma marginale
Cowdria ruminantium
Wolbachia pipientis
Ehrlichia sennetsu
Rickettsia typhi
Rickettsia prowazekii
Rickettsia rickettsii
NHP bacterium
Caedibacter caryophila
Holospora obtusa
Piscirickettsia salmonis
NIX bacterium
Coxiella burnetii
Escherichia coli
A
fipia
felis
92.2
89.6
88.6
88.8
85.8
88.0
86.8
85.9
85.3
86.0
87.5
87.0
86.4
81.8
81.2
81.0
80.4
83.1
83.2
83.0
82.9
85.6
84.0
80.9
80.8
82.0
79.6
B
eijerinckia
indica
8.2
90.2
89.7
90.3
88.1
89.2
88.1
86.0
86.5
86.4
88.8
87.5
86.2
81.8
82.1
81.1
80.6
83.7
83.5
83.4
82.8
85.4
83.0
80.9
81.0
81.4
79.6
B
rucella
abortus
11.2
10.5
94.1
93.5
89.2
89.3
89.4
87.8
88.7
87.2
87.9
86.9
87.2
82.5
82.3
82.1
81.7
84.3
84.2
84.3
82.6
86.2
84.0
82.1
81.6
81.7
80.6
B
artonella
quintana
12.3
11.1
6.1
92.8
87.9
87.9
88.1
87.0
87.4
85.8
87.4
86.5
86.3
83.0
82.9
82.3
80.9
84.7
84.5
84.7
82.3
86.2
82.7
82.2
82.9
81.7
79.7
A
grobacterium
tum
efaciens
12.1
10.4
6.8
7.5
87.5
88.2
87.3
87.7
86.8
86.2
87.4
86.5
86.1
83.3
82.9
82.3
82.0
84.3
83.8
83.9
83.5
86.7
83.1
82.3
81.4
82.2
79.6
R
hodobacter
capsulatus
15.7
13.0
11.7
13.2
13.6
95.1
88.7
85.4
85.5
85.6
87.0
85.5
86.2
81.8
81.7
81.6
80.4
82.9
83.3
83.4
82.2
85.0
81.7
80.2
80.4
80.6
78.4
R
hodobacter
sphaeroides
13.0
11.6
11.6
13.2
12.9
5.0
89.2
85.8
86.7
87.2
87.7
86.1
86.6
82.6
82.1
81.5
81.1
83.2
83.4
83.1
82.3
84.6
81.4
81.1
81.6
81.4
79.5
H
yphom
onas
jannaschiana
14.5
13.0
11.5
13.0
13.9
12.3
11.7
87.2
87.4
86.8
87.5
86.5
87.5
83.3
83.7
82.2
81.0
84.3
84.5
84.5
83.1
85.4
82.5
81.3
81.0
81.5
80.5
E
rythrobacter
longus
15.7
15.5
13.3
14.3
13.4
16.2
15.7
14.1
92.0
91.1
85.3
85.7
86.1
82.3
83.2
80.6
80.7
83.6
83.8
83.2
82.2
84.3
82.2
81.2
81.5
82.6
80.6
Sphingom
onas
capsulata
16.3
14.8
12.2
13.8
14.6
16.1
14.6
13.9
8.5
91.7
86.1
86.0
86.0
82.2
82.3
79.5
79.7
83.5
83.8
83.6
82.4
84.8
81.3
81.2
80.8
81.4
80.7
Sphingom
onas
paucim
obilis
15.4
15.0
14.1
15.8
15.2
16.0
14.0
14.6
9.4
8.8
86.7
86.8
85.9
82.4
82.1
79.0
79.6
83.3
83.6
83.5
82.6
84.8
81.8
81.2
80.1
81.7
80.7
A
zospirillum
lipoferum
13.6
12.1
13.2
13.8
13.8
14.3
13.5
13.7
16.4
15.4
14.6
89.7
88.4
82.5
82.0
80.7
81.0
85.1
85.2
84.7
83.8
87.7
83.2
81.2
81.8
81.3
80.3
M
agnetospirillum
m
agnetotacticum
14.3
13.6
14.4
14.9
14.8
16.2
15.4
14.9
15.8
15.5
14.5
11.1
88.2
82.6
81.9
80.7
80.1
84.1
83.9
83.7
81.9
85.7
81.5
80.9
80.8
81.4
80.6
R
hodospirillum
rubrum
15.1
15.3
14.1
15.1
15.4
15.3
14.8
13.7
15.4
15.6
15.6
12.6
12.8
83.6
83.0
82.1
81.4
83.2
83.3
83.0
81.3
85.3
82.6
82.1
82.1
82.3
81.5
A
naplasm
a
m
arginale
20.8
20.8
19.9
19.2
18.9
20.8
19.8
18.8
20.1
20.4
20.1
19.9
19.8
18.5
92.4
87.6
85.3
84.7
84.7
84.7
83.0
83.7
82.3
79.6
80.9
81.4
79.8
C
ow
dria
rum
inantium
21.6
20.4
20.1
19.4
19.4
20.9
20.4
18.4
19.0
20.2
20.4
20.6
20.7
19.2
8.1
87.6
84.7
84.2
83.9
84.4
80.8
83.1
81.9
79.5
80.4
80.5
77.9
W
olbachia
pipientis
21.9
21.8
20.5
20.1
20.2
21.1
21.2
20.4
22.4
23.9
24.6
22.4
22.3
20.5
13.6
13.5
84.1
84.4
84.4
84.4
81.8
82.8
81.2
79.6
80.1
80.8
78.9
E
hrlichia
sennetsu
22.7
22.5
21.0
22.0
20.5
22.7
21.7
21.9
22.4
23.6
23.8
22.0
23.2
21.4
16.4
17.1
17.9
82.7
83.1
83.3
80.6
81.2
80.2
78.7
78.8
80.0
77.4
R
ickettsia
typhi
19.1
18.4
17.6
17.1
17.7
19.5
19.0
17.6
18.5
18.6
18.8
16.6
17.9
19.0
17.1
17.8
17.5
19.7
99.5
98.6
82.9
85.4
83.4
80.9
81.0
82.1
78.0
R
ickettsia
prow
azekii
19.0
18.7
17.7
17.4
18.2
18.8
18.8
17.3
18.2
18.2
18.5
16.5
18.1
18.8
17.1
18.1
17.5
19.2
0.5
98.6
83.5
85.3
83.6
81.3
81.6
82.0
78.6
R
ickettsia
rickettsii
19.3
18.8
17.7
17.1
18.2
18.8
19.1
17.3
19.0
18.5
18.6
17.1
18.3
19.3
17.1
17.5
17.5
18.9
1.4
1.4
83.4
85.0
83.5
81.3
81.4
82.5
78.3
N
H
P
bacterium
19.4
19.6
19.8
20.1
18.6
20.3
20.1
19.2
20.4
20.1
19.8
18.3
20.7
21.5
19.3
22.2
20.9
22.5
19.4
18.7
18.7
87.4
84.1
79.6
79.1
80.3
77.6
C
aedibacter
caryophila
16.0
16.3
15.2
15.2
14.6
16.7
17.2
16.2
17.7
16.9
16.9
13.5
15.9
16.3
18.4
19.2
19.5
21.6
16.2
16.4
16.8
13.8
86.4
82.1
80.6
81.3
80.5
H
olospora
obtusa
18.1
19.3
17.9
19.6
19.1
21.0
21.4
20.0
20.3
21.4
20.9
19.0
21.2
19.8
20.2
20.7
21.6
23.0
18.7
18.5
18.7
17.8
15.0
79.2
78.8
80.7
78.0
P
iscirickettsia
salm
onis
22.0
22.1
20.4
20.3
20.3
22.9
21.8
21.5
21.6
21.6
21.7
21.6
22.0
20.4
23.8
23.9
23.8
25.0
22.1
21.5
21.4
23.8
20.4
24.4
87.2
87.6
85.5
N
IX
bacterium
22.1
21.9
21.1
19.4
21.3
22.7
21.1
22.0
21.2
22.2
23.1
20.8
22.1
20.4
22.1
22.8
23.1
24.9
21.9
21.1
21.4
24.4
22.5
24.9
14.0
87.0
84.7
C
oxiella
burnetii
20.5
21.4
21.0
21.0
20.3
22.4
21.4
21.2
19.8
21.3
21.0
21.5
21.4
20.2
21.4
22.6
22.1
23.2
20.4
20.6
19.9
22.9
21.4
22.4
13.6
14.3
84.8
E
scherichia
coli
23.8
23.9
22.4
23.7
23.9
25.4
23.9
22.6
22.4
22.3
22.3
22.8
22.5
21.2
23.5
26.2
24.8
26.9
26.0
25.2
25.6
26.7
22.6
26.0
16.1
17.2
17.0
a
N
um
bers
above
the
diagonalrepresent
uncorrected
percentages
of
sim
ilarity,and
those
below
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diagonalare
percentages
of
difference
corrected
for
m
ultiple
base
changes
by
the
m
ethod
of
Jukes
and
C
antor
(18).
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joining trees was performed with the program MEGA (22), with 500 resamplings
and pairwise elimination of incomplete data.
rRNA probe design and synthesis. Computer-assisted analysis of the 16S
rDNA sequence revealed three nucleic acid sequence segments that were unique
to the NHP bacterium (Table 2). The sequences (prV2, prV6, and prV8) range
from 18 to 22 nucleotides and are derived from recognized variable regions (V2,
V6, and V8, respectively) of the 16S rDNA sequence. A universal eubacterial 16S
probe served as a positive control (19). For each sequence, duplicate probes that
were conjugated to either fluorescein isothiocyanate or a fluorescent rhodamine
derivative (Texas red; Clonetech) were manufactured. Oligonucleotide probes
were synthesized (Applied Biosystems DNA synthesizer model 380 B), and the
fluorochrome label was conjugated to an aminoethyl phosphate linker (Ami-
nolink I; Applied Biosystems) incorporated at the 59 end of the oligonucleotide.
The probes were purified by Waters high-pressure liquid chromatography with a
baseline 810 chromatography workstation.
Tissue section preparation and probe hybridization conditions. Infected P.
vannamei shrimp were obtained during a natural outbreak of NHP in Texas. The
hepatopancreata of live specimens were given injections of Davidson’s fixative
(16), the shrimp were dissected, and the organ was removed from each shrimp.
The hepatopancreas was immersed in Davidson’s fixative for 24 h, transferred to
70% ethanol, and processed for routine histologic examination. Paraffin-embed-
ded specimens were sectioned at 3 to 4 mm and mounted on positively charged
slides (Fisher Scientific, Pittsburgh, Pa.). The sections were deparaffinized by
being heated at 658C for 20 min and then being immersed in xylenes for 2 min,
with three changes of xylene. The slides were rehydrated by immersion for 1 min
in each of the following graded ethanol solutions: absolute, 95%, 75%, 50%, and
finally distilled water. The slides were then immersed for 15 min in phosphate-
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM NaH2PO4 z 7H2O,
1.4 mM KH2PO4 [pH 7.3]) at 458C and incubated in a proteinase K solution (100
mg/ml in PBS) for 15 min at 378C. The slides were equilibrated with 1.6 mM
dithiothreitol (Boehringer Mannheim) in PBS for 10 min at 458C and blocked
with 1.6 mM dithiothreitol–1.6 mM iodoacetemide (Aldrich Chemical, Milwau-
kee, Wis.)–1.59 mM N-ethylmaleimide (Sigma, St. Louis, Mo.) in PBS for 30 min
at 458C. The slides were rinsed twice for 5 min in PBS at room temperature (RT;
258C) and equilibrated in 1.75% triethanolamine (TEA; Sigma) (pH 8.0) at RT.
The slides were transferred to fresh TEA–0.25% acetic anhydride (Sigma) for 5
min at RT and then transferred to TEA–0.5% acetic anhydride for 5 min at RT.
The slides were blocked in 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) for 5 min at RT and then immersed in distilled H2O for 5 min at RT. The
probes were diluted in hybridization cocktail (Aprogenex Inc., Houston, Tex.),
and 30 to 50 ml of this solution was applied to the slide. A concentration of 0.04
mg/ml was used for probes labeled with fluorescein isothiocyanate, and a con-
centration of 0.02 mg/ml was used for probes labeled with Texas red. Coverslips
were placed over the slides, and the slides were incubated in a humid chamber
at 428C for 10 min and then transferred for 45 s to a prewarmed hotplate set at
928C. The slides were returned to the humid chamber and incubated for 5 to 16
hours at 428C in the dark. Following hybridization, the slides were washed in
Aprogenex Wash A at 428C for 15 min and transferred to Aprogenex Wash B at
RT for 10 min with two changes. The slides were mounted in either propidium
iodide/Antifade (Oncor) or Vectashield (Vector Laboratories, Inc., Burlingame,
Calif.) and viewed on an Olympus BH10 microscope equipped with fluorescence
capabilities. Photomicrographs were taken with Kodak Ektachrome EES-135
(PS 1600) film and push processed at 1,600 ASA.
Nucleotide sequence accession numbers. The sequences of the bacterial
strains are maintained in EMBL, GenBank and Ribosomal Data Base Project
nucleotide sequence databases and are available by electronic retrieval. The
accession numbers of the bacterial sequences in the GenBank database are as
follows: Afipia felis, M65248; Agrobacterium tumefaciens, M11223; Anaplasma
marginale, M60313; Azospirillum lipoferum, Z29619; Beijerinckia indica M59060;
Brucella abortus, X13695; Caedibacter caryophila, X71837; Cowdria ruminantium,
X61659; Coxiella burnetii, M21291; Ehrlichia sennetsu, M73225; Erythrobacter
longus, M59062; Escherichia coli, J01695; Hyphomonas jannaschiana, M83806;
Magnetospirillum magnetotacticum, M58171; NIX bacterium, M94381; Piscirick-
ettsia salmonis, X60783; Rhodobacter capsulatus, D16428; Rhodobacter sphae-
roides, D16425; Rhodospirillum rubrum, D30778; Rickettsia prowazekii, M21789;
Rickettsia rickettsii, M21293; Rickettsia typhi, M20499; Sphingomonas capsulata,
D16147; Sphingomonas paucimobilis, D13725; Wolbachia pipientis, X61768. The
sequence for Holospora obtusa is maintained in the nucleotide sequence data
base of the Ribosomal Data Base Project under accession number Hol.obtusa.
The 16S rDNA sequence of the NHP bacterium has been submitted to the
EMBL and GenBank databases. The GenBank accession number for the NHP
bacterium is U65509.
FIG. 1. Phylogenetic tree comparing the NHP bacterium with various members of the a- and g-Proteobacteria. The number at the branch points depicts the percent
occurrence of a given branch during 500 resamplings of the bootstrap analysis.
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RESULTS AND DISCUSSION
Nearly the entire 16S rDNA (1416 bases) of the NHP bac-
terium was amplified, cloned, and sequenced for phylogenetic
placement of the organism. The 16S rDNA sequence of the
NHP bacterium was compared 23 with those of members of
the a subclass of the class Proteobacteria (a-Proteobacteria) and
4 members of the g-Proteobacteria, and the similarity matrix for
this comparison is shown in Table 3. A phylogenetic tree con-
structed from the similarity data by using the neighbor-joining
method clearly demonstrates that the NHP bacterium is a
member of the a-Proteobacteria (Fig. 1). The association of the
NHP bacterium with the a-Proteobacteria is supported by the
fact that this subdivision includes many bacteria that form
intimate and often intracellular associations with eukaryotes
(34, 43, 44). Within the a-Proteobacteria, the NHP bacterium
forms a monophylotetic cluster with bacteria that have not
been included in the four recognized subgroups (a-1, a-2, a-3,
and a-4) of the a-Proteobacteria (36). The bacteria in this
cluster include members of the family Rickettsiaceae (A. mar-
ginale, C. ruminatum, W. pipientis, E. sennetsu, R. typhi, R.
prowazekii, and R. rickettsii), as well as the protozoal endosym-
bionts C. caryophila and H. obtusa. The NHP bacterium was
most similar to C. caryophila (87.4%) and H. obtusa (84.1%)
and slightly less similar to three Rickettsia species, R.
prowazekii, R. typhi, and R. rickettsii (approximately 83.5%).
In the present study, the NHP bacterium is shown to be most
closely related to C. caryophila, a protozoal endosymbiont of
the macronucleus of Paramecium caudatum. The association of
the NHP bacterium with C. caryophila is intriguing, because
several significant features are common to both organisms. As
seen in the NHP bacterium, C. caryophila and its close relative
Holospora obtusa exhibit multiple distinct morphologic forms
(29). In C. caryophila, these forms include a nonbright (as
determined by phase-contrast microscopy) reproductive form
and a larger, refractile, bright form (32). H. obtusa is known to
have an infectious form, a replicative form, and an intermedi-
ate form (termed the activated infectious form) (15). However,
C. caryophila is distinguished from the NHP bacterium and
other killer endosymbionts because it produces refractile in-
clusions consisting of tightly coiled proteinaceous ribbons (33).
These so-called R bodies have not been observed in the NHP
bacterium.
A primary justification for pursuing phylogenetic classifica-
tion of the NHP bacterium was to gain insight into its ecology
and in vitro culture requirements. As phylogenetic categories
are predictive, the information that is known about one organ-
ism can generally be applied to its relatives (26, 39). C.
caryophila is described as an obligate bacterial endosymbiont,
and nothing is known about its persistence outside the host
paramecia (33). As was previously demonstrated for the NHP
bacterium (13), C. caryophila can be purified by centrifugation
but has not been cultivated on enriched media, and neither C.
caryophila nor H. obtusa has been cultivated outside its host
paramecium (32, 33). Although the association of the NHP
bacterium with C. caryophila and H. obtusa is not informative
with regard to in vitro culture requirements of the NHP bac-
terium, it may provide insight into the ecology of the organism
in the pond environment. Epicommensal protozoans are com-
mon fouling agents that live on the cuticular surfaces, gills, and
appendages of P. vannamei (11). Light infestations with these
organisms are not associated with disease, and their presence
is considered incidental (23). However, in view of the phylo-
FIG. 2. Hepatopancreas of a Pacific white shrimp infected with the NHP bacterium. The figure demonstrates a positive fluorescent signal in numerous infected
epithelial cells. Probe prV8 labeled with fluorescein isothiocyanate was used.
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genetic association of the NHP bacterium with an intracellular
endosymbiont of protozoa, the possibility that the epicommen-
sal protozoan harbors the NHP bacterium should be investi-
gated.
The sequence analysis also demonstrated that the NHP bac-
terium is distinct from but related to Rickettsia spp. and their
relatives. This intriguing association is bolstered by the facts
that the NHP bacterium is an intracellular pathogen of a ma-
rine invertebrate and many of the rickettsias infect the midgut
epithelia of their invertebrate vectors. However, the unique
morphologic features of the NHP bacterium, inadequate
knowledge about the life cycle of the organism, and the distant
divergence of the NHP bacterium from phylogenetically clas-
sified organisms in the a-Proteobacteria preclude placement of
the NHP bacterium within a defined genus (9).
The absence of shrimp cell lines and inadequate knowledge
about the complex growth requirements of the NHP bacterium
have prevented in vitro cultivation by standard culture meth-
ods. In the absence of a pure culture of the NHP bacterium, a
sucrose density gradient-enriched isolate served as the tem-
plate DNA for the PCR amplification of 16S rDNA. General
prokaryotic PCR primers that amplify the 16S rDNA from a
wide range of bacteria were used to amplify the 16S rDNA of
the NHP bacterium (38). Although the enriched bacterial iso-
late was demonstrated to reproduce NHP in a previous study
(13), the nonspecific primers could have amplified the 16S
rDNA of a bacterial contaminant. In this study, the source of
the cloned 16S rDNA was authenticated to be the NHP bac-
terium by fluorescent in situ hybridization. In situ hybridization
is the most direct way to link a 16S rRNA sequence to a
defined bacterial morphotype (3, 6, 40). The sequence data
generated from this study were analyzed, and oligonucleotide
probes that hybridize to three different variable regions (V2,
V6, and V8) of the NHP bacterial 16S rRNA were designed
and tested by in situ hybridization. The probes were compared
with sequence data in the ribosomal database and detected no
matches with less than three mismatched base pairs (25). Fur-
thermore, all three manufactured oligonucleotide probes dem-
onstrated a specific in situ hybridization signal from shrimp
hepatopancreata that were infected with the NHP bacterium,
thereby authenticating the origin of the cloned and sequenced
16S rDNA to the NHP bacterium (Fig. 2). The positive hy-
bridization signal localized to the cytoplasm of hepatopancre-
atic epithelial cells that were demonstrated to be infected with
the NHP bacterium by using homologous sections stained by
the Steiner and Steiner method (Fig. 3) (14). No hybridization
signal was obtained when the NHP-specific probes were hy-
bridized to uninfected shrimp tissue, P. monodon tissue in-
fected with a different rickettsia-like bacterium, and shrimp
tissue infected with Vibrio spp. The shrimp infected with intra-
cellular bacteria (NHP bacterium or P. monodon rickettsia-like
organism), and tissues infected with Vibrio spp. demonstrated
a positive hybridization signal when incubated with a eubacte-
rial 16S probe (19).
Although nucleic acid probes show promise in shrimp diag-
nostic pathologic testing (5), widespread use of fluorescent in
situ hybridization in shrimp diagnostics is unlikely because of
the autofluorescence of the many chitinous cuticular structures
in shrimp. This background autofluorescence was avoided in
the present study through the use of prosected hepatopancre-
ata. Little or no autofluorescence was observed in the hepato-
pancreas, and the strong fluorescent signal readily discrimi-
nated infected from uninfected epithelial cells. Detection of
the NHP bacterium with the 16S rRNA fluorescent probes
may, however, provide a means of determining the life cycle of
the NHP bacterium outside the host epithelial cell. Such
FIG. 3. Hepatopancreas of a Pacific white shrimp infected with the NHP bacterium. The specimen is the same as that depicted in Fig. 2. The intracellular bacteria
(arrows) are evident. The Steiner and Steiner method was used. Bar, 10 mm.
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knowledge may be important in instituting avoidance mecha-
nisms and thus preventing the widespread mortalities presently
associated with NHP in cultured populations of P. vannamei.
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